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MATHEMATICAL ANALYSIS 

ROCKET-SLED MODEL STUDY OF PREDICTION TECHNIQUES 
FOR FLUCTUATING PRESSURES AND PANEL 'RESPONSE 
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and 
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A d e s c r i p t i o n  I s  given of an ongoing i n v e s t i g a t i o n  d e a l i n g  u i t h  
t he  f l u c t u a t i n e  p re s su res  on aerospace veh ic l e  s u r f a c e s ,  w i t h  
a s s o c i a t e d  pane l  responses ,  and wi th  corresponding p r e d i c t i o n  
techniques .  The rocket-sled-mounted l/lO-scalc model of t h e  
upper  s t a g e s  o f  Sa turn  V and t h e  d a t a  a c q u i s i t i o n  s y s t e m  used 
I n  t h i s  s tudy  a r e  descr ibed.  Methods f o r  p r e d i c t i n g  f l u c t u a t i n &  
p r e s s u r e s  under t u r b u l e n t  boundary. l a y e r s  and subsonic  sepa ra t ed  
flows are summarized and shown t o  y i e l d  p r e d i c t i o n s  which are i n  
reasonable  agreement w i t h  measurements ob ta ined  on the t e s t  model, 

INTi iOEUCTION 

P r e d i c t i o n s  of t h e  v i b r a t i o n s  of 
aerospace  v e h i c l e  s t r u c t u r e s  due t o  aero- 
a c o u s t i c  e x c i t a t i o n  are gene ra I ly  needed 
in t h e  e a r l y  des ign  s t a g e s ,  p r imar i ly  
f o r  t h e  purpose o f  e s t a b l i s h i n g  prel imi-  
nary  des ign  and test criterl i&_-The 

a given s t r u c t u r e  may u s u a l 1  de d 
I n t o  two s t e p s :  p r e d i c t i n g  t h e  exc i t a -  
t i on ;  and de termining  t h e  corresponding 
response.  Much r e sea rch  e f f o r t  has been 
devoted t o  bo th  o f  these s t e p s  i n  the  
p a s t  decade, bu t  a l though response- 
a n a l y s i s  techniques  have been r a t h e r  
h igh ly  developed and ex tens ive ly  ex- 
p l o r e d ,  much remains t o  be  done before  
one can p r e d i c t  t h e  aero-acous t ic  exci-  
t a t i o n s  w i t h  adequate' confidence.  

problem o f  p r e d i c t i n g  t h e  v i  of 

. .  
A compi la t ion  o f  techniques  for t h e  

p r e d i c t i o n  of t h e  f l u c t u a t i n g  pressure  
environments of aerospace v e h i c l e s  was 
undertaken about  f i v e  yea r s  ago [ 13, 
but t h e  g e n e r a l  v a l i d i t y  o f  these tech- 
n iques  has  no t  been explored  adequately.  
The f l u c t u a t i n g  p r e s s u r e  d a t a  a v a i l a b l e  
from f u l l - s c a l e  f l i g h t  t e s t s  i s  very 
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l i m i t e d ;  t y p i c a l l y ,  onIy a very few 
microphones can be i n s t a l l e d  i n  a 
flight veh ic l e ,  and also t e l eme t ry  lira- 
i t a t i o n s  restrict  t h e  amount of data 

more o rde r s  of magnitude sma l l e r  t han  
f o r  t h e  a c t u a l  veh ic l e s ;  t h i s  d i screp-  
ancy may provide improper informat ion  
on f l u c t u a t i n g  p res su res .  Also, t h e  
smal lness  of t he  models impl ies  a re-  
quirement f o r  microphones capable  of 
s ens ing  extremely h i g h  f r equenc ie s ,  and 
such senso r s  a r e  not  r e a d i l y  a v a i l a b l e .  
Flow I n t e r a c t i o n  w i t h  t unne l  wa l l s  a l s o  
t.ends t o  d i s tor t  t h e  f luc tua t in6 -p res -  
s u r e s  on veh ic l e  s u r f a c e s ,  e s p e c i a l l y  
f o r  t h e  Important  t r a n s o n i c  o s c i l l a t i n g  
shock cond i t ions .  

b 

I n  o r d e r  t o  circumvent t h e  problems 
a s s o s i a t e d  w i t h  f u l l - s c a l e  veh ic l e  d a t a  
a c q u i s i t i o n  and w i t h  the t e s t i n g  of 
small  wind-tunnel models, a program of 
i n v e s t i g a t i o n s  has  been undertaken,  
usinp, a l / l 0 - s c a l e  model of t h e  Sa turn  
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V vehic le  mounted on a rocket-propel led 
s l e d ,  and making use of the f a c i l i t i e s  
of t he  A i r  Force I,:Fssile I)evelopment; 
Center,  Holloman A i r  Force Dasc, New 
f.Icxico. Tile prog:m involves  seve ra l  
phases and o b j e c t i v e s ,  i nc lud ing  ver i -  
f i c a t i o n  and improvement of p r e d i c t i o n  

- methods for  f luc tua t ing -p res su re  envi- 
,. ronments and corresponding responses  of 

pane l s .  T h i s  paper  d i scusses  sone as- 
p e c t s  of t h e  aforementioned program, 
w i t h  emphasis on boundary-layer pressure  
d a t a  and p r e d i c t i o n s .  

ROCKET-SLED MODEL TEST SYSTEM 

Sa tu rn  V Model 

The l/lO-scale model of Saturn  V, 
mounted on t h e  rocke t  s l e d ,  is shown i n  
F ig .  1. T h i s  model i nco rpora t e s  only 
the  upper p a r t s  of t he  Sa tu rn  V vehic le ,  
from t h e  command module (payload)  down 
t o  about t h e  forward h a l f  o f  t h e  S-I1 
stage. The t o t a l  l eng th  of t h e  model 
is about 20 f t ;  t h e  forward 15 Jt por- 
t i o n  has  been used fo r  measurements, 
t h e  a f t  5 St l eng th  con ta ins  a com- . partment  for t h e  i n s t r u n e n t a t l o n  sys- 
tem and telemetry t r a n s m i t t e r s .  

f -  8 

Figure  1 
l/lO-Scale Model of Sat.urn V . on Rocket S led  

The model,. whicb w a ~  designed and 
f a b r i c a t e d  by Brown Engineering on t h e  
basis of a concept proposed by NASA, 
h a s  an aluminum crucifofrn primary 
s t r u c t u r e ,  w i t h  r ing-frames and s t r l n g -  
ers, The model 's  s k i n  i s  1/8 - in .  
t h i c k  aluminum plaGe; segments of t h e  
upper  p o r t i o n  of t h e  s k i n  can be re- 
moved and r ep laced  w i t h  t h i n  pane ls .  
The  t h i c k  sk in-panels  were used i n  
e a r l y  tes t  runs ,  where the f l u c t u a t i n g  
pressure measurements were of pr.irr,ary 
i n t e r e s t ;  l a t e r  runs involved  v ib ra t ion  
measurements on t h e  t h i n n e r  pane ls .  

I n  order t o  ge t  a s  much of the nod- 
el a s  p r a c t i c a l  i n  f r o n t  of aerodynaclic 
d i s tu rbances  caused by t h e  l ead ing  edge 
of t h e  t e s t - s l e d  and t o  minimize t h e  
e f f e c t s  of &round r e f l e c t i v n s  , the for-  
ward p a r t  of the model is can t i l eve red  
over  t h e  end of t h e  s l e d ,  and the model 
i s  q u i t e  high (about  5 f t )  above t h e  
t rack.  Also, p r e s s u r e  and v i b r a t i o n  
Feasurements were confined t o  only t h e  
upper p a r t s  of t h e  model. 

The model and suppor t  s t r u c t u r e  de- 
s i g n s  were reviewed by Holloman A i r  
Force Base personnel ,  who a l s o  inspec ted  
t h e s e  s t r u c t u r e s .  The nodel  a l s o  was 
sub jec t ed  t o  a v i b r a t i o n  t e s t  program, 
i n  o r d e r  t o  v e r i f y  i t s  c a p a b i l i t y  t o  
wi ths tand  t h e  seve re  v i b r a t i o n  environ- 
ment encountered du r ing  each rocke t  
s led  t e s t  run. 

Rocket Sled Track and Propuls ion  

Tes t  runs were-car r ied  out at  t h e  
prev ious ly  mentioned Holloman A i r  Force 
Rase f a c i l i t y ,  on a d u a l - r a i l  t r acK 
which is i n  excess  of 35,000 ft long,  
Both s o l i d  f u e l  and l i q u i d  f u e l  pro- 
pu l s ion  u n i t s  were a v a i l a b l e  for t h e  
program; Holloman personnel  s e l e c t e d  
t h e  propuls ion  systems for each t e s t  

a run. Although i t  would be idea l  i n  
each t e s t  run t o  a t t a i n  a s p e c i f i c  ve- 
l o c i t y  and then  t o  s u s t a i n  t h a t  veloc- 
i t y  f o r  s e v e r a l  seconds,  t h i s  i d e a l  
could not  be reached p r a c t i c a l l y  (be- 
cause the  l i q u i d  f u e l  r o c k e t s  r e q u i r e  
a minimum a c c e l e r a t i o n  01' U.5 g S o r  
f u e l  feed  purposes) .  However, the  
50 fps / sec  v e l o c i t y  changes which 
could be ob ta ined  without  much d i f -  
f i c u l t y ,  proved t o  be more than  ade- 
qua te .  F igure  2 shows t h e  v e l o c i t y  
p r o f i l e s  cf t h e  first f o u r  success fu l  
test  runs.  

TlUL CtTtR IIRST UOTION. SECONDS 

Figure  2 Veloc i ty  H i s t o r i e s  For Four 
Rocket S led  T e s t s  
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I n s  t wmen t a t i o n  

The seve re  v i b r a t i o n  environment 
a s soc ia t ed  with rocket  s l e d  t e s t  runs 
)lad t o  be taken  i n t o  account i n  the  
selection of a l l  t r ansduce r s ,  which in -  
c lude  l igh tweight  high-g acce lerometers ,  
v ibsa t  5 on- compensated m i  crophones 

.and d i f f e r e n t i a l  p re s su re  t ransducers .  - 

The t r ansduce r s ,  amplf fiers, v o l t  a&e- 
c o n t r o l l e d  o s c i l l a t o r s ,  mixer a m p l i f i e r s  
and t e l e z e t r y  t r a n s m i t t e r s  are  mounted 
i n  t h e  t e s t  model. Telemetry r e c e i v e r s ,  
t ape  r eco rde r s ,  and d i sc r imina to r s  are 
l o c a t e d  a t  t h e  c e n t r a l  t e l eme t ry  re- 
c e i v i n g  f a c i l i t y  of  liolloman A i r  Force 
Base. Vehicle  v e l o c i t y  information i s  
obta ined  from pos:tion senso r s  l oca t ed  
a t  f i xed  i n t e r v a l s  a long  t h e  t r a c k .  A 
t y p i c a l  t e s t  run may involve  twenty 
a c o u s t i c  reasurements ,  n ine  vibr'ation 
mdaaurements, f i v e  d i f f e r e n t l a l  p re s su re  
measurements, and two v e l o c i t y  measure- 
nen t s ;  t h e r e  a r e  f o u r  t e l eme t ry  t r ans -  
mitters and a t o t a l  of 37 d a t a  channels.  

channel i s  accomplished two or t h r e e  
days before  each t e s t  run ,  u s ing  an  
a c o u s t i c  ca l ib ra to r .  for each microphone, . a smal l  v i b r a t i o n  shaker  (monitored by 

* a r e fe rence  a c c e l e r o n e t e r )  for each ac- 
ce le rometer ,  and a c a l i b r a t e d  p res su re  
source  f o r  t he  d i f f e r e n t i a l  p re s su re  
senso r s .  On t h e  day of t h e  t e s t ,  a 
known vol tage  s i g n a l  is  inpu t  t o  a l l  
vo l tage-cont ro l led  o s c i l l a t o r s  and 

. . t r a n s m i t t e d  t o  t h e  r e c e i v i n g  s t a t i o n ,  
where it is recorded f o r  l a t e r  use 2 s  

End-to-end c a l i b r a t i o n  of each d a t a  

. I  dhta pl>ui s sa i i i g  cai i tr .s l i , iwri  s igriai .  

During each t e s t ,  t h e  d a t a  i s  con- 
t i n u o u s l y  t r ansmi t t ed  t o  t h e  te lemet ry  
I-ecelving s t a t i o n ,  where i t  i s  s imulta-  
neously recorded on f o u r  t ape  recorders  
and on osc i l l og raphs .  The o s c i l l o -  
&rams a r e  reviewed v i s u a l l y  immediately 
a f t e r  each t e s t ,  t o  uncover any anoma- 
l o u s  behavior .  (During removal of t h e  
in s t rumen ta t ion  from t h e  model, pa r t i cu -  
l a r  a t t c n t i o n  i s  given t o  t h e  condi t ion  

been func t ion ing  p rope r ly ,  1 Afte r  each 
t e s t ,  a second complete c a l i b r a t i o n  i s  
PerforRed. 

. Of any cltannels which n igh t  note have 

Gata Reduction and Analysis  

Osc i l lograph  records  f o r  each t e s t  
run a r e  reviewed, t o g e t h e r  with v e l o c i t y  
P r o f i l e s ,  i n  o rde r  t o  i d e n t i f y  t h e  impor- 
tact  phenomena and- t o  s e l e c t  d a t a  sam- 
p l e s  t o  be subjec ted  t o  d e t a i l e d  analy- 
sis. A t  t h e  same t i m e ,  dec i s ions  a re  
also  made on t h e  type  o f  d a t a  reduct ion  
d e s i r e d  f o r  each d a t a  sanple .  The re- 
corded d a t a  t apes  a r e  d iC; i t ized  and 
then  processed Ly t h e  Computation Lab- 
o r a t o r y  a t  t h e  NASA Marsha l l  Space 

F l l g h t  Center ,  and computer-plots and 
p r in t -ou t s  a r e  prepared  f o r  review and 
a n a l y s i s .  

Computer-generated p l o t s  have been 
obta ined ,  f o r  example, o f  one-t l i i rd  
oc tave  band s p e c t r a ,  s p e c t r a l  d e n s i t i e s ,  
t i m e - h i s t o r i e s  of one-third oc t ave  band 
and of o v e r a l l  l e v e l s ,  au to -co r re l a t ions  
and c r o s s - c o r r e l a t i o n s ,  co-spec t ra  and 
quadra ture  s p e c l r a ,  c ros s  power s p e c t r a l  
d e n s i t i e s ,  and p r o b a b i l i t y  d e n s i t i e s .  

Some Ear ly  Opera t iona l  Problems 

Data t o  be analyzed by c o r r e l a t i o n  
techniques  must be t r a n s m i t t e d  by 
cons tan t  bandwidth systems, with which 
llolloman personnel  had l i m i t e d  exper i -  
ence. Improper ope ra t ion  of t h i s  t e l e -  
metry system l e d  t o  de lay  o f  t h e  first 
scheduled t e s t .  

It was found i n  t h e  f i r s t  t e s t  run 
t h a t  t h e  a c o u s t i c  t r ansduce r s  genera ted  

. a low frequency s i g n a l  of l a r g e  ampli- 
tude ,  which caused t h e  charge a m p l i f i e r s  
t o  s a t u r a t e ,  t h u s  l e a d i n g  t o  l o s s  of 
much of t h e  da t a .  T h i s  problem was cor- 
r e c t e d  i n  subsequent runs ,  by modifying 
t h e  low-frequency response o f  t h e  charge 
a m p l i f i e r s .  

I n  t h e  first t e s t  (5N-Al) no a t tempt  
was made to o b t a i n  a s u s t a i n e d  near-  
cons tan t  v e l o c i t y  per iod .  The second 
t e s t  a t t e m p t  f a i l e d  because an engine 
malfunct ion a t  i g n i t i o n  damaged t h e  
propuls ion  system, I n  t h e  second t e s t  
(5N-A2), one of the engine  t h r u s t  chaw? 
b e r s  developed a f r a c t u r e ,  l e a d i n g  to 
premature t h r u s t  cu t -o f f .  The next. 
(5N-A3) was l a r g e l y  s u c c e s s f u l ,  exce 
for a " sus t a in"  v e l o c i t y  change whlc 
was twice  a s  g r e a t  as t h e  &sire& 
due t o  improper p ropu l s ion  p r o g r a m i n g .  
A l l  l a t e r  t e s t  runs  t o  d a t e  ( a  t o e a l ' o f  
fou r )  have been e n t i r e l y  s u c c e s s f u l ,  
and have y i e lded  much u s e f u l  d a t a ;  ad- 
d i t i o n a l  t e s t  runs  a r e  planned f o r  t h e  
n e a r  f u t u r e .  

FLUCTUATING PRESSURE PREDICTIONS , 

, 

AND MEASUREMENTS 

Flow Regimes 

The complexity of t h e  t o t a l  problem 
of p r e d i c t i n g  or ana lyz ing  f l u c t u a t i n g  
s p e c t r a  may be reduced by f i r s t  de t e r -  
mining what flow regimes occur  a t  va r i -  
ous l o c a t i o n s  on t h e  veh ic l e  of i n t e r -  
es t  ( a t  a s p e c i f i e d  f l i g h t  cond i t ion ) ,  
and then  e s t a b l i s h i p g  t h e  f l u c t u a t i n g  
p res su re  c h a r a c t e r i s t i c s  a s s o c i a t e d  wi th  
each flow regime. The flow regimes of 
g r e a t e s t  i n t e r e s t  for t h e  purpose of 
s e t t i n g  des ign  and t e s t  c r i t e r i a  a re :  
(1 )  t u r b u l e n t  boundary l a y e r s ,  (2) sep- 

, 

3 
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arated flow a t  d i s c o n t i n u i t i e s ,  ( 3 )  
t r a n s o n i c  o s c i l l a t i n g  shocks,  ( 4 )  su- 
per son ic  shock-induced s e p a r a t i o n  a t  
f lares,  ( 5 )  wake iiiipingement, and ( 6 )  
base flow. 

p r e d i c t i o n  techniques ,  t h e i r  basis, and 
some r e l a t e d  rocke t -s led  t e s t  results 
f o r  t h e  first two o f  these flow regimes. 
It i s  a n t i c i p a t e d  t h a t  s i m i l a r  discus-  
s i o n s  of  t h e  o t h e r  regimes w i l l  be prc-  
s en ted  i n  t h e  f u t u r e ,  when f u r t h e r  d a t a  
a n a l y s i s  and tests have been completed, 

The fo l lowing  paragraphs summarize 

F l u c t u a t i n g  P res su res  i n  Attached 
Turbulent  Boundary Layers 

Along long c y l i n d r i c a l  s t a g e s  of a 
launch veh ic l e ,  a t  l o c a t i o n s  which are 
more than  one d iameter  downstream from 
i n t e r s t a g e  f lares ,  t h e  flow may be ex- - 
pected  t o  be e s s e n t l a l l y  f ree  o f  s t rong  
p res su re  g rad ien t s .  The flow a t  such 
l o c a t i o n s  may then  be modeled a s  turbu- 
len t .  boundary l a y e r  flow on a f l a t  plate .  

Experiments on smooth f l a t  p l a t e s  
i n d i c a t e  t h a t  t he  r a t i o  of t h e  root-  

: mean-square f l u c t u a t i n g  p res su re  prms 
to t h e  wall shear s t r e s s  T i n  t h e  flow 
is a slowly vary ing  func t ion  of Mach 
number 14; at M = 0 t h i s  r a t i o  i s  ap- 
proximately 2,  at  M = 5 i t  i s  about 5, 

[31 i n d i c a t e s  t h a t  t h e  c h e w  s t r e s s  r 
at a d i s t a n c e  X from t h e  l e a d i n g  edge i s  
related t o  the free-stream dynamic pres -  
s u r e  q as - 1 / 5  

T / q  0 0.060 (RX) ( 1 )  

RX = UX/v, (2) 

i n  terms of  t h e  Reynolds number 

where U i s  t h e  free-stream ve loc i ty ,  
and v the  k inemat ic  v i s c o s i t y .  
s u r f a c e  may be cons idered  smooth i f  i t s  
roughness  e lements  are s o  small t h a t  
t hey  a r e  bu r i ed  i n  t h e  laminar  sublay- 
e r ) .  If one in t roduces  a l i n e a r  i n t e r -  
p o l a t i o n  f o r  t h e  Mach number dependence 
of Prms/T, one may wri te  

( A  

P,,,/q = (Pems/T) (T/q) 

= (2 + 0.6~4XO.o6Xv/~Xc) 1 / 5  ( 3 )  

where c r e p r e s e n t s  t h e  soundspeed. A t  
a g iven  l o c a t i o n  on a v e h i c l e ,  and un- 
d e r  given ambient condi t ior ls ,  v/Xc 
I s  cons tan t  (d imens ion le s s ) ,  and t h e  
foregoing  express ion  may be used con- 
v e n i e n t l y  for es t ima t ion  of  prms, ' 

Turbulent; p re s su re  s p e c t r a  have 
been s t u d i e d  ex tens ive ly ;  F ig .  3 rep- 
r e s e n t s  a b e s t  f i t  t o  wind-tunnel d a t a  
obta ined  by mny  i n v e s t i g a t o r s  [ 4 ] .  
The. peak of t h e  spectrum occurs  a t  a 
frequency 

-, . 
(4) . fp - 0.16U/B* 

where 6 *  is  t h e  boundary l a y e r  d i s -  
placement th i ckness .  I n  o r d e r  t o  use  
Fig.  3 and Eq. ( 4 )  t o  p r e d i c t  t h e  
boundary l a y e r  p re s su re  spectrum, one 
r e q u i r e s  a p r e d i c t f o n  of 6 " .  Such a 
p r e d i c t i o n  i s  a v a i l a b l e  from Fig.  4 ,  
which h a s  been taken  from Ref. 141, and 
i s  based on c o r r e l a t i o n  of empi r i ca l  
data. 

f * 1,/3-0CTAVE IIANDCENTER FRFOUENCY 
8.- OOUNDARY LAYER THICKNESS 
U * FREE-STREAM VELOCITY 

Figure  3 
Nondimensional 1/3-0ctave Band Spectrum 

Boundary Layer [l] 
, of P res su re  F luc tua t ions  i n  

I ' ' " ' ' " 1  ' ' """I I. ' """I 1 

Pigure  4 
Dependence of Boundary Layer Thickness  
on Reynolds Number and Mach Number C41 

On t h e  lk lO-sca le  Sa tu rn  V model, 
flush-mounted microphones were l o c a t e d  
nea r  t h e  f r o n t  and r e a r  ends of t h e  
SIV-B s t age .  T h i s  s t a g e  i s  l o c a t e d  a f t  
of a s l i g h t l y  (9-degree c o n i c a l  half-  
ang le )  f l a r e d  p a r t  of t h e  veh ic l e ,  and. 
may be expec ted  t o  b e  exposed t o  an at- 
tached  t u r b u l e n t  boundary l a y e r  f o r  
most of t h e  tes t  sled v e l o c i t i e s .  The 
aeerage  d i s t a n c e  t o  t h e s e  microphones 
from t h e  veh ic l e  nose is about  X .I 6 f t .  
Using t h e  va lues  c = 1100 f t / s e c ,  v 5 

1.8 x 10'4ft2/s:c and t h e  a i r  d e n s l t y  
P = 0.066 l b / f t  , which va lues  apply a t  
t h e  4000 f t  a l t i t u d e  of the t e s t  t r a c k ,  
one f i n d s  from Eq. ( 3 )  t h a t  Prms/q var- 
ies by no more than  10% for Mach numbers 
between 0.2 and 1 . 4 ,  and t h a t  i n  t h i s  
Mach number range 

4 
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prms :: 0.005 q (6.2psf)M‘ 

z (3000pbar)M’ 

One then may c a l c u l a t e  t h e  f l u c t u a t i n g  
p r e s s u r e  l e v e l  FPL t o  be 

FPL 20 l o g  (Prms/Pref) 

= 20 log (Prms/d + 20 l og  W P r e f )  

1 4 4  + 40 l o g  M . ( 5 )  
. .. . 

i n  terms of t h e  usua l  r e fe rence  p res su re  
Pref  = 0 .0002~bar .  

From Fig. 4 one f i n d s  t h a t  f o r  14ach 
numbers between 0.2 and 1 . 4  ( f o r  which 
R v a r i e s  between 7 and 47 m i l l i o n ) ,  

about 0.003. With t h i s  va lue  and X as  
given above, Eq. (4) y i e l d s  

6 li /X changes l i t t l e  and i s  equa l  t o  

= 0.16 Mc/6* f: 10,700M ( 6 )  
- _ -  

Figure  5 shows a p l o t  o f  Eq. ( 5 ) ,  
t o g e t h e r  wi th  d a t a  p o i n t s  from t h r e e  
microphones, ob ta ined  i n  two tes t  runs.  
The p r e d i c t i o n  i s  seen  t o  underest imate  
t h e  bulk o f  t h e  d a t a  by about 15 dB. 
However, t h e  da t a  p o i n t s  a r e  found t o  
f i t  r a t h e r  well a long  a second curve 
cor responding  t o  prms/q = 0.02. 
appears  t h a t  t h e  f l u c t u a t i n g  p res su res  
a t  t h e  microphone l o c a t i o n s  a r e  grea t -  
e r  than  a n t i c i p a t e d ,  probzbly due t o  

s o n i c  speeds,  r educ t ions  i n  prms occur 
due t o  at tachment  of  t h e  upstream flow 
and tu rbu lence  suppress ion .  . (Presence 
of a t h i c k  t u r b u l e n t  l a y e r  ahead of 
t h e  S-IVB s t a g e  a t  subsonic  speeds,  
and- t h l n n i n g  o f  t h i s  l a y e r  a t  super-  
s o n i c  speeds i s  shown very c l e a r l y  .in 
S c h l i e r e n  photographs,  such a s  those  
g iven  in Fig .  3 of Ref. C83 1. 

It 

4-I. U ~ . L  c iipstream tui+uieiicr.  nt super-  

I 

. .  

lEST NQ MICROPHONE NR AND LOCATION - 
5N-A4 UI4 ,S IpB.  FRONT 
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Figure  5 
Levels  of F l u c t u a t i n g  Pressure  on 

S - I V B  S tage  of l / lO-Scale  Model 
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Figure  6 
Center  Frequency of 1/3-0ctave Band 
Spec t r a  of  F l u c t u a t i n g  Pressures on 

S-IVB S tage  of  l / lO-Scale Model 

F igu re  6 shows t h e  f e w  p r e s e n t l y  
a v a i l a b l e  peak frequency d a t a  p o i n t s  
(from microphone 1414 on t e s t  5 N - A 4 ) ,  
t o g e t h e r  with a p l o t  o f  t h e  r e l a t i o n  
f = 1,070M. This  r e l a t i o n ,  which i s  
l f k e  ‘Eq. (61, except  f o r  a t e n  t ines  
s m a l l e r  numerical  c o e f f i c i e n t ,  f i t s  
t h e  d a t a  much be t t e r  t h a n  does Eq. ( 6 ) .  
One concludes t h e r e f o r e  t h a t  t h e  bound- 
a r y  l a y e r  t h i ckness  a t  t h e  microphone 
l o c a t i o n  i s ’ a b o u t  t e n  t imes  as  g r e a t  

This  r e s u l t  i s  i n  agreement wi th  t h  
prev ious ly  s t a t e d  obse rva t ion  t h a t  
observed tu rbu lence  l e v e l  g r e a t l y  e 
ceeds t h a t  expected f o r  a 
Sch l i e ren  photographs (e .  g 
R e f .  C83) a l s o  show a very 
a ry  l a y e r ,  

cs t h a t  p i ’ e i X C t E 4  ~ ” o I .  riui p;aLfzo. 

Measured and p r e d i c t e d  one - th i rd  
oc t ave  band s p e c t r a  are compared in 
Fig.  7. This  f i g u r e  (which aga in  shows 
d a t a  f o r  microphone 1414 i n  t e s t  5 N - A 4  
on ly)  i s  presented  i n  terms of a re- 
duced f l u c t u a t i n g  p r e s s u r e  l e v e l ,  de- 
f i n e d  a s  FPLR = FPL - 40 l o g  1.1 and a 
reduced frequency,  de f ined  a s  f R  = f / M ,  
i n  o r d e r  t o  show a l s o  how w e l l  t h e  d a t a  
f o r  d i f f e r e n t  Mach numbers c o l l a p s e  

- (Le,, how good t h e  approximations 
Prms/q = cons tan t  and 6* = cons tan t  
a r e  - see E q s .  (5) and ( 6 ) ) .  The 
agreement and co l l apse  a r e  seen  t o  be 
q u i t e  good. 

.. . . 
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Figure  7 
F luc tua t ing-Pressure  Spec t r a  on S-IVB 

S tage  o f  l / lO-Scale  Model. 
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E f f e c t  of Cone Half-Angle (Flow Turning 
Angle) on RMS Pressu re  A f t  o f  Cone- 

Cyl inder  Junc t ion  f 1 ] 

Subsonic  Flow Sepa ra t ion  A f t  of F l a r e s  

A t  cone-cyl inder  j u n c t i o n s ,  t he  
boundary l a y e r  exper iences  a s t rong  pres-  
s u r e  g r a d i e n t  ( i n  subsonic  f l i g h t ) .  The  
l e v e l  of p r e s s u r e  f l u c t u a t i o n s  then 'i.n- 
creases- owing t o  an i n c r e a s e  i n  t h e  rate 
of momentum ent ra inment  necessary  t o  
overcome t h e  p r e s s u r e  g rad ien t .  

F igures  8 and 9 have been assembled 
from t h e  very l i m i t e d  a v a i l a b l e  data .  
These f i g u r e s  show how Prms/q inc reases  
wi th  t u r n i n g  ang le  and decreases  with 
d i s t a n c e  downstream from t h e  cone- 
c y l i n d e r  j u n c t i o n ,  and are intended t o  
be used f o r  gene ra l  p r e d i c t i o n  purposes 
in absence of be t t e r  informat ion .  [I] 

Figure  10 summarizes da t a  obtained 
from microphones l o c a t e d  behind f l a r e s ;  
one  set  of microphones a f t  of t h e  com- 
mand module ( e  = 30°, x/D = 0.21,  the  
o t h e r  on t h e  S-I1 s t a g e  ( 0  = 1 7 O ,  x / D  
0 . 0 6 ) .  For  t h e  former,  F igs .  7 and 8 
g i v e  prms/q 0 . 0 6 5 ,  f o r  t h e  l a t t e r  
pms/q u 0.05. Corresponding predic-  ' 

Figure  8 
Decay of RIrlS Pressure  With Distance 

Downstream o f  Cone-Cylinder Junc t ion .  

From Ref. 6 [l]. 
Data Shown Are For 0 = 3 3 O ,  

. 
L4 

MACH NUMBER 

F f 2 i ) r e  10 

Levels  o f  F l u c t u a t i n g  P res su re  on 
S-I1 Stage  o f  l/lO-Scale Mo&l 

t i o n  curves a r e  shown i n  Fig.  9. Rath- 
e r  good agreement between p r e d i c t i o n s  
and d a t a  i s  ev iden t ,  except  f o r  M > 1 .  A t  
supe r son ic  Mach numbers, one would once 
aga in  expect  prms/q t o  be  reduced, be- 
cause o f  t h e  prev ious ly  d i scussed  sup- 
p re s s ion  of tu rbulence .  

SUMMARY AND CONCLUSIONS 

A b r i e f  d e s c r i p t i o n  has  been pre- 
s en ted  o f  an ongoing program o f  i n v e s t i -  
ga t ion  concerned wi th  techniques  f o r  t h e  
p r e d i c t i o n  of aero-acous t ic  loads  on 
aerospace  veh ic l e  s u r f a c e s  and cor re-  
sponding s u r f a c e - s t r u c t u r a l  responses .  
The rocket  s l e d  t e s t  model and associi- 
a t e d  in s t rumen ta t ion ,  which were used 
f o r  t h e  a c q u i s i t i o n  of  f l u c t u a t i n g -  
p re s su re  and panel  response d a t a  have 
been d i scussed  and have been shown t o  
provide u s e f u l  r e s u l t s .  

f o r  t h e  p r e d i c t i o n  of f l u c t u a t i n g  
p r e s s u r e s  a s s o c i a t e d  with a t t ached  
t u r b u l e n t  boundary l a y e r s  and with . 

Previous ly  developed techniques  

6 



subsonic  flow s e p a r a t i o n  a f t  o f  f l a r e s  
have been summarized i n  e a s i l y  used 
form. These techniques  have been 
fourid t o  y i e l d  p r e d i c t i o n s  which art? 
i n  good agreement wi th  d a t a  obta ined  
from rocket  s led  model tes ts ,  provided 
t h a t  proper  account is  taken o f  t h e  
surface-flow cond i t ions .  It appears  
t h a t  t h e  p r e s e n t  s t a t e  of t h e  art per- 
m i t s  one t o  a r r i v e  at  reasonable  f l u c -  
t u a t i n g  p;*essure p r e d i c t i o n s  i f  one 
knows t h e  f'lon regime which e x i s t s  
over  t h e  s u r f a c e  o f  i n t e r e s t ,  b u t  t h a t  
r e l i a b l e  p r e d i c t i o n s  o f  t h e  flow re- 
gimes g e n e r a l l y  can be obta ined  only 
on t h e  b a s i s  o f  wind tunne l  s t u d i e s .  

Some p r e d i c t i o n  techniques  appl i -  
cab le  t o  f lor :  regimes o t h e r  than  t h e  
two mentioned above have a l s o  been de- 
veloped [l], but  t h e i r  d i scuss ion  has 
been omit ted he re ,  both f o r  t h e  sake 
of  b r e v i t y  and because a n a l y s i s  of  t h e  
corresponding d a t a  i s  a s  y e t  incom- 
p l e t e ,  I 'u r ther  s tudy of t h e  a v a i l a b l e  
model and f u l l - s c a l e  veh ic l e  f l i g h t  
d a t a  i s  i n  p rogres s ,  and a d d i t i o n a l  
t e s t s  are planned t o  supplement t h e  
e x i s t i n g  informat ion ,  
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